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ABSTRACT

Characterization of a Silty Methane-Hydrate Reservoir in the Gulf of Mexico:
Analysis of Full Sediment Grain-Size Distributions
By
Douglas R. MacLeod
University of New Hampshire, September 2020

Submarine methane-hydrate reservoirs represent an ephemeral reservoir of carbon on
Earth that can contain economically important concentrations of methane. Turbidite sands in
deepwater marine environments have been targeted by recent research because they contain
sufficient primary porosity to host high saturations of methane hydrate within the temperature
and pressure window of the gas-hydrate stability zone. Silty turbidite levee deposits, however,
also contain sufficient primary porosity to host high saturations of methane hydrate and they may
contain more organic carbon than sand to fuel methanogenesis. In this research I used laser
diffractometry to measure the full grain-size distribution of 46 bulk and 51 organic-carbon-free
methane-hydrate reservoir sediment samples collected with pressure cores from a turbidite
channel-levee system in the Gulf of Mexico during the 2017 UT-GOM2-1 Hydrate Pressure
Coring Expedition. My results characterize the reservoir into three silt-dominated lithofacies and
show that each lithofacies is characteristic of a specific sub-environment of deposition (i.e.,
turbidity current, waning turbidity current, and inter-event sedimentation) within the channel
levee system. The results also show that organic carbon in this reservoir resides predominantly in
xiii

the fine sediment fraction of all three lithofacies. The implications of these results are that siltdominated reservoirs may accumulate methane and methane hydrate via both short-range and
long-range methane migration pathways. In the Gulf of Mexico setting examined here,
deformation associated with salt diapirism promotes long-range migration pathways via faults,
fractures, and dipping stratigraphic horizons that may help to explain the extremely high gashydrate saturations (up to 93% of pore volume) recovered in these pressure cores. The results
presented in this research, coupled with recovered gas hydrate in the pressure cores suggests that
silt-dominated channel levee environments may accumulate a significant quantity of methane
hydrate through time and have important implications for the distribution of methane hydrate in
marine sediments.

xiv

CHAPTER 1
INTRODUCTION

Gas hydrate is a clathrate formed of solid water (ice) that contains hydrocarbon gases
(mostly methane) in void space within the water crystalline lattice. The gas trapped within
naturally occurring marine gas hydrate is typically >99% methane (Kvenvolden, 1993; Phillips,
2020) and thus it is commonly referred to as methane hydrate. Methane hydrate is nearly
ubiquitous within the marine gas-hydrate stability zone (GHSZ) of continental margins and in
permafrost settings on land (Collett, 2002); however, its concentration is highly variable (e.g.,
Trehu et al., 2004). In the marine environment, methane hydrate forms in both sediment and
fracture porosity under conditions of high gas concentrations, low salinity, cold bottom water
temperatures (~4º C), and water depths >300 m (Kvenvolden, 1993). In the subseafloor
environment, the geothermal gradient limits methane hydrate formation to the upper ~1 km or
less, often in unconsolidated/unlithified sediments. Sediments of large grain size within the
GHSZ, such as turbidite sands and silts, offer high porosity and permeability and thus have the
potential to transport and store large quantities of free gas and methane hydrate (Boswell and
Collett, 2006). Quantification of the amount and distribution of methane hydrate in marine
continental margins requires scientific sampling/coring of the seafloor through ocean drilling
(e.g., Trehu et al., 2004; Collett et al., 2014, 2019). The detailed study of physical, chemical, and
microbiological characteristics and dynamics of methane hydrate systems enabled by ocean
drilling and sampling are improving our understanding of methane hydrate systems globally.
However, given the large spatial extent of global continental margins, these studies remain
1

limited. Methane hydrates remain important to study because they represent a potentially
enormous yet ephemeral reservoir of carbon on Earth (over long timescales, on the order of
thousands to tens of thousands of years), and they may also be an economically viable, and
cleaner, hydrocarbon resource in the future.
Methane hydrate requires accessible pore space in order to accumulate in significant
quantities. In the marine environment, accessible porosity is found in sand-rich deepwater
deposits (Yi et al., 2020). Sand and silt from the continental shelf are transported to deepwater
environments by turbidity currents and other sediment gravity flows through submarine canyon
and channel-levee systems on the continental slope and rise. The methane hydrate stability zone
coincides with the slope and rise environment, and thus coarse-grained sediment porosity here is
commonly filled with methane hydrate. Turbidite sand deposits hosting methane hydrate in
continental slope environments off the coasts of India (Collett et al., 2019), Japan (Yamamoto,
2014), and the United States (Riedel et al., 2010; Flemings, 2018) have been the focus of recent
methane hydrate studies. Channel deposits are coarser than levee deposits, owing to a higher
depositional energy within the main channel, and therefore have greater pore space capacity to
store methane hydrate under equivalently favorable temperature and pressure conditions.
However, silty levee deposits also have significant methane hydrate storage capacity, especially
in coarser stratigraphic intervals (Phillips et al., 2020). Additionally, in more clay-dominated
deposits, fractures can create permeability and porosity to host gas hydrate as well (e.g., Cook et
al., 2008).
In this thesis research, the grain-size distributions of sediments within a silt-dominated
methane-hydrate-bearing reservoir in the northern Gulf of Mexico basin were determined by
analyzing sediment samples collected from pressure cores. The pressure cores were collected
2

during the UT-GOM2-1 Hydrate Pressure Coring Expedition (GOM2) in 2017 (Flemings et al.,
2018) and sampled the levee of a Pleistocene-age submarine channel in the Green Canyon 955
(GC955) lease block. The grain-size measurements presented here serve to (1) characterize this
methane-hydrate-bearing reservoir into three distinct lithofacies based on their full grain-size
distributions, (2) use the full grain-size distributions to determine paleo-depositional sub
environments, and (3) determine in which grain-size fraction organic carbon predominantly
resides. These results help characterize methane-hydrate reservoirs in the northern Gulf of
Mexico and support comprehensive and ongoing methane-hydrate research funded by the US
Department of Energy.

3

CHAPTER 2
GEOLOGIC SETTING

The northern Gulf of Mexico basin contains the vast Jurassic-age Louann salt deposits
underlying thick deposits of terrigenous sediments (Watkins, 1978; Peel et al., 1995). Regional
seafloor geomorphology in the northern Gulf of Mexico basin is significantly influenced by
vertically and horizontally migrating salt structures in the subsurface (Jackson and Talbot, 1986;
Peel et al., 1995). Seismic imaging surveys have identified salt sills and diapirs underlying
prominent bathymetric features in this region (Ewing and Ewing, 1962) including the Sigsbee
escarpment, which has a relief of up to 900 m caused by horizontally migrating salt (Amery,
1969; Worrall and Snelson, 1989). The seafloor landward of the Sigsbee escarpment is pocked
with salt-withdrawal intraslope basins (e.g., Prather et al., 1998) created by salt diapirs that
breached the seafloor and subsequently dissolved.
Salt migration is driven by both stratigraphic density inversion and differential loading
(Jackson and Talbot, 1986). Terrigenous sediments overlying the Louann Salt are denser than the
salt once they become buried and compacted, which sets up an unstable stratigraphic density
inversion. Buoyancy forces cause the less dense salt to begin migrating up through the denser
terrigenous sediments. Deposition of terrigenous material is not uniform throughout the northern
Gulf of Mexico basin, which causes differential loading of the underlying salt. The Mississippi
delta is the primary depocenter in the northern Gulf of Mexico basin and the pressure gradient
resulting from laterally heterogeneous deposition causes salt to migrate laterally and/or
vertically.
4

Migrating salt causes deformation and fracturing of seafloor sediments and has been
exploited by the oil and gas industry in the Gulf of Mexico. Oil and gas accumulate in traps that
are commonly anticlinal structures capped by an impermeable stratigraphic layer, such as shale,
and have thus been targets for hydrocarbon resource exploration. Similarly, methane hydrate has
been identified in anticlinal structures overlying vertically rising salt in the Gulf of Mexico (e. g.,
Portnov et al., 2018; Santra et al., 2019), though the methane hydrate may create its own
impermeable layer at the base of the GHSZ by infilling available pore space (Flemings et al.,
2018). Methane hydrate saturation in marine reservoirs ranges from a few percent to nearly
100% saturation, with the coarser, sand-rich stratigraphic intervals containing the greatest
saturations (e.g., Phillips et al., 2020).
Methane-hydrate reservoirs are nearly ubiquitous (Kvenvolden, 1988) in continental
slope environments along most continental margins worldwide. Gas-hydrate saturations are,
however, extremely heterogeneous (Trehu et al., 2004). Coarse sediments in deepwater
continental slope depositional environments provide the necessary pore space for methane
hydrate to accumulate in concentrations that could make the extraction of methane a potential
economically viable energy source (Boswell et al., 2014). Turbidite-dominated channel-levee
systems in the Gulf of Mexico are widespread throughout the gas-hydrate stability zone,
suggesting that sand-and-silt-dominated lithologies here may contain high methane hydrate
saturations.

2.1 Green Canyon Block 955
My study area is located in the GC955 lease block, which is located along the basinward
margin of the Sigsbee escarpment at the mouth of Green Canyon in the northern Gulf of Mexico
5

(Figure 1) at a water depth of ~2,000 m. Green Canyon hosts a methane hydrate charged,
Pleistocene-age turbidite channel-levee system first described by McConnell (2000). It is this
turbidite channel-levee system that is the focus of this investigation. Specifically, a paleochannel levee was pressure cored as it has been inferred to host a methane-hydrate reservoir
(Boswell et al., 2012, Collett et al., 2012), and it preserves a record of turbidity-current spillover
events where fine to coarse sediments are deposited outside of the main channel. The main
channel was not pressure cored during the GOM2 expedition because logging-while-drilling
(LWD) data collected by a previous expedition found little evidence supporting the presence of
significant methane hydrate accumulation within the channel (Collett et al., 2012).
GC955 was previously studied during the 2009 Gulf of Mexico Gas Hydrate Joint
Industry Project Leg II (JIP II) expedition with a seismic survey and an advanced LWD tool that
collected data sufficient to confirm the presence of methane hydrate in several locations
throughout the Gulf of Mexico (Boswell et al., 2012). Figure 1 shows the location of holes
drilled in GC955 during the JIP II expedition. Two of the three holes drilled in GC955 during the
JIP II expedition encountered methane hydrate, but full LWD data was only acquired for hole
H001 due to drilling complications (Collett et al., 2012). See Figure 2 for seismic and LWD data.
Hole H001 was drilled in Fault Block H and was found to contain interbedded levee deposits
with methane-hydrate-bearing intervals occurring within the coarser stratigraphy of the GHSZ
(Collett et al., 2012). No sediment cores were collected. The seismic and LWD data collected
during JIP II guided the GOM2 expedition in 2017 that collected the pressure cores used in this
thesis.

6

Figure 1: Location of study area. Sediment pressure cores were collected 265
km south-south-west of Port Fourchon, LA (shown in Panel A). GC955 lies at
the foot of the Sigsbee Escarpment (shown in Panel B) at a water depth of
approximately 2,000 m. Panel B shows the location of industry wells, JIP II
wells, and well H002. Bathymetry data from the Bureau of Ocean Energy
Management Northern Gulf of Mexico Deepwater Bathymetry Grid
(https://www.boem.gov/Gulf-of-Mexico-Deepwater-Bathymetry/), modified by
Flemings et al. (2018).
Several seismic anomalies are shown in Figure 2 that have been interpreted as being free
gas (Shelander et al., 2012; Haines et al., 2017). The base of gas-hydrate stability has been
inferred as being about 450 meters below the seafloor (mbsf) as is indicated by LWD resistivity
data in Figure 2. At depths below the GHSZ, methane hydrate disassociates due to increasing
temperature caused by the local geothermal gradient. Seismic anomalies deeper than the inferred
7

base of gas-hydrate stability may be free gas that can migrate to and recharge the gas-hydrate
reservoir encountered during JIP II. A nearby well, industry well #001, appears to encounter free
gas at about 3500 mbsf (Figure 2). Seismic data in Figure 2 also shows a salt diapir underlying
the methane-hydrate reservoir that has deformed sediments into an anticline. Anticlines are
targeted for resource exploration by the oil and gas industry because they can act as traps for
hydrocarbons. Salt-diapir-driven deformation and methane migration are discussed in Chapter 5.

Figure 2: Seismic and LWD data showing the position of the methane-hydrate
reservoir encountered in hole H001. Panel A shows resistivity data collected
from hole H001. Anomalously high resistivity is used as an indicator of methane
hydrate in marine sediments. Panel B shows seismic data from the target drilling
area. Seismic anomalies are shown in color and indicate possible free gas.
Modified from Flemings et al., 2018 and Portnov et al., 2018.
The GOM2 expedition in 2017 drilled two holes, H002 and H005, each within 30 meters
of hole H001 where methane hydrate had been inferred in 2009 by JIP II (Flemings et al., 2018).
8

The study location contains heterogeneous fractures filled with methane hydrate from ~186 to
~293 mbsf and a low average methane hydrate saturation. The primary methane-hydrate
reservoir, which has a methane hydrate saturation of up to 93% (Phillips et al., 2020), is at a
depth of ~414 to ~450 mbsf based on data from the JIP II expedition. Coring of H002 and H005
was designed to capture the entire primary methane-hydrate reservoir and the bounding
sedimentary units immediately above and below.
Three distinct interbedded lithofacies within the GC955 methane-hydrate reservoir were
identified during the GOM2 expedition based on initial P-wave velocity, gamma density, 2D Xray-CT, and grain-size measurements (Flemings et al. 2018). Lithofacies 1 is the finest-grained,
composed of silty-clay, and contains negligible methane hydrate saturation. Lithofacies 2 is the
coarsest-grained, composed of sandy-silt, and contains the greatest methane hydrate saturation.
Lithofacies 3 grain size falls between Lithofacies 1 and 2, composed of silty-clay, and contains
low/moderate methane hydrate saturation. Millimeter to centimeter scale rippled crosslaminations were commonly observed with X-ray-CT imaging of the pressure cores (e.g.,
Flemings et al., 2018, Meazell et al., 2020).

9

CHAPTER 3
METHODS

To document the sediment grain size throughout the cored intervals in holes H002 and
H005 at GC 955, I used a Malvern Mastersizer 2000 Laser Particle Size Analyzer with a Hydro
2000G wet dispersion unit at the University of New Hampshire (UNH). The Malvern
Mastersizer 2000 can measure particles from 0.2 µm to 2,000 µm in diameter. In total, 51
sediment samples were measured, refer to Appendix A Figures A.1-A.57. Bulk sediment and
organic-carbon-free (OC-Free) sediment fractions were measured for a majority of the samples
(n = 46), while the remaining samples (n = 5) only had enough material to make OC-Free
measurements. Replicate samples (n = 23) of bulk and OC-Free sediments were also measured
throughout our analyses and show good agreement, refer to Appendix B Figures B.1-B.23. In
addition, I measured a natural beach sand (the Wallis Sand) (Appendix B Figure B.24), and a
synthetic Malvern 15–150 µm standard (Appendix B Figure B.25) as check standards at the
beginning and end of each day to ensure good instrument calibration and consistent instrument
performance. Comparison of bulk and OC-Free grain-size measurements on the same samples
allows determination of the relative amount of particulate organic carbon in the samples and in
what grain-size fraction it resides.

3.1 Sample Collection
All samples were collected from pressure cores recovered during the 2017 GOM2
expedition aboard the deepwater well intervention vessel Helix D/V Q4000. A total of 21
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pressure cores, each 3.05 m in length, were attempted between two holes drilled through a
methane-hydrate reservoir. In hole H002, 1 of the 8 pressure cores attempted was recovered
under pressure and there was a sediment recovery rate of 34% (Flemings et al., 2018). In hole
H005, 12 of the 13 pressure cores attempted were recovered under pressure and there was a
sediment recovery rate of 72% (Flemings et al., 2018). The majority of sediment samples (n =
34) analyzed in this thesis research are from pressure cores that failed to retain pressure during
recovery. These cores are stored at Ohio State University and were sampled during sediment
core description by my advisor, Joel Johnson, in 2018. An additional 17 sediment samples from
successful pressure cores were mailed to the UNH Sedimentology Lab for grain-size analysis
after being quantitatively degassed. All samples labeled as “bagged” are from core sections
removed from their core liners and stored in sealed plastic bags prior to sampling for grain-size
analysis.

3.2 Bulk Sediment Samples
About 2 cm3 of each sediment sample was added to 50 mL centrifuge vials. A solution of
sodium hexametaphosphate containing 5 g of (NaPO3)6 per 10 L of deionized (DI) water was
then added to the centrifuge vials up to the 25 mL line. The sodium hexametaphosphate solution
helps to keep the fine-grained sediment particles from aggregating together during analysis
(Tyner, 1939). The vials were capped and mixed for 60 seconds on a vortex mixer then left
overnight. Samples were analyzed the following day on the UNH Malvern Mastersizer 2000
laser diffractometer. Samples were again mixed for 60 seconds on a vortex mixer immediately
prior to analysis. All samples were poured into the wet dispersion unit through a 2 mm sieve to
remove any large grains that could damage our equipment; no large grains were left in the sieve
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for any measured samples. All sample vials and sieves were thoroughly rinsed into the wet
dispersion unit with DI water to ensure no sample material was left behind.

3.3 Organic-Carbon-Free Samples
About 2 cm3 of each sediment sample was added to 50 mL centrifuge vials. The organic
carbon was then removed from the samples via a multi-step hydrogen peroxide treatment
procedure. First, 5 mL of 30% hydrogen peroxide was added to each centrifuge vial via pipette
and allowed to sit overnight. The hydrogen peroxide serves to rapidly oxidize and remove
organic carbon from the sediment samples (Robinson, 1922). The reaction between hydrogen
peroxide and organic carbon can be quite vigorous so care must be taken to avoid sample loss
due to bubbling over or splattering. Next, a flushing procedure was performed three times on the
following day. DI water was added to each centrifuge vial up to the 30 mL line then the vials
were capped and mixed on a vortex mixer. The vials were then spun in a centrifuge at 3,000 rpm
for 4 minutes, or until the water was no longer cloudy. The water was then carefully decanted off
via pipette without removing any sediment. Once this flushing procedure was performed three
times, 5 mL of 30% hydrogen peroxide was again added to the vials and allowed to sit overnight.
The process was repeated until 30 mL of hydrogen peroxide had been added to the vials and
flushed out to ensure all organic carbon was removed.
After the hydrogen peroxide treatment was completed, a solution of sodium
hexametaphosphate containing 5 g of (NaPO3)6 per 10 L of DI water was added to the centrifuge
vials up to the 25 mL line. The sodium hexametaphosphate solution helps keep sediment
particles from aggregating together during analysis (Tyner, 1939). The vials were capped and
mixed for 60 seconds on a vortex mixer then left overnight. Samples were analyzed the
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following day on the UNH Malvern Mastersizer 2000 laser diffractometer. Samples were mixed
for 60 seconds on a vortex mixer immediately prior to analysis. All samples were poured into the
wet dispersion unit through a 2 mm sieve to remove any large grains that could damage our
equipment; no large grains were left in the sieve for any measured samples. All sample vials and
sieves were thoroughly rinsed into the wet dispersion unit with DI water to ensure no sample
material was left behind.

3.4 Grain-size Analysis
Analysis of grain-size distributions were performed with the UNH Malvern Mastersizer
2000 laser diffractometer with a Hydro 2000G wet dispersion unit. Malvern Mastersizer 2000
software (version 5.60) was used for all analyses. Optimal software settings were determined
empirically and are consistent with Sperazza et al. (2004). Table 1 shows the software settings
used for analyses of all GOM2 samples reported in this thesis.
Particle refractive index
1.544 (quartz)
Particle absorption index
0.5
Dispersant refractive index
1.330 (DI water)
Obscuration
15%–20%
Sonication
60 seconds
Table 1: Malvern Mastersizer software settings
used for all sediment grain-size analyses.
Three measurements were made for each sample aliquot, then averaged within the
Malvern Mastersizer software to determine the final average grain-size distribution. The multiple
measurements for each aliquot were compared against each other to ensure consistent instrument
performance and serves to increase confidence in the results. The single average grain-size
distribution for each sample is reported throughout this thesis. A total of 23 samples were
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randomly chosen for replicate grain-size analysis including 15 OC-Free and 8 Bulk samples. See
Chapter 4.4 and Appendix B for all replicate grain-size analysis data. Grain-size data are binned
within the Malvern Mastersizer software and presented as the full grain-size distribution for each
sample. The percent sand/silt/clay discussed, and the sand/silt/clay boundaries presented on all
figures are based on the Wentworth (1922) grain-size classification scale.
Three equations developed by Folk and Ward (1957) were used during data analysis to
quantify statistical parameters of the measured grain-size distributions. These equations are in
grain-size units of Phi (𝛷) as calculated by the logarithmic transformation 𝛷 = −𝑙𝑜𝑔2 (𝑑) where
𝑑 represents the grain-size diameter in mm. The Phi grain-size scale is commonly used in
sedimentology and greater values indicate smaller diameter grain sizes. Figure 3 shows the three
equations used during data analysis and an explanation of output values. Note that subscript on
equation terms indicates the percentile of grain sizes. For example, 𝛷84 represents roughly the
middle of the finest third of the sample and 𝛷16 represents roughly the middle of the coarsest
third of the sample.
Sorting (𝜎)
𝜎=
𝛷84 − 𝛷16 𝛷95 − 𝛷5
+
4
6.6

Very well sorted
Well sorted
Moderately well
sorted
Moderately sorted
Poorly sorted
Very poorly sorted
Extremely poorly
sorted

<0.35
0.35-0.50
0.50-0.70
0.70-1.00
1.00-2.00
2.00-4.00

Skewness (𝑆𝑘)
𝑆𝑘 =
𝛷16 + 𝛷84 − 2𝛷50
2(𝛷84 − 𝛷16 )
𝛷5 + 𝛷95 − 2𝛷50
+
2(𝛷95 − 𝛷5 )

Very positive skewed
Positive skewed
Symmetrical
Coarse skewed
Very coarse skewed

0.3 to 1.0
0.1 to 0.3
0.1 to -0.1
-0.1 to -0.3
-0.3 to -1.0

Kurtosis (𝐾)
𝐾=
𝛷95 − 𝛷5
2.44(𝛷75 − 𝛷25 )
Very platykurtic
Platykurtic
Mesokurtic
Leptokurtic
Very leptokurtic
Extremely leptokurtic

>4.00

Figure 3: Sorting, skewness, and kurtosis equations used in this thesis were
developed by Folk and Ward (1957) for use with sedimentological grain-size
data.
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<0.67
0.67-0.9
0.90-1.11
1.11-1.50
1.50-3.00
>3.00

CHAPTER 4
RESULTS

In this thesis I have divided my grain-size measurements into bulk and OC-Free sections.
First, I show the results of bulk grain-size analysis, that is, untreated sediments as they were
collected from pressure cores. Next, I show the results of OC-Free grain-size analysis, that is,
samples treated with hydrogen peroxide to remove organic carbon prior to grain-size analysis
(see Chapter 3.3). Then, I combine the two data sets to illustrate changes in sediment grain-size
distribution following organic carbon removal to show which grain-size fraction organic carbon
predominantly resides in. Lastly, I show lab standards and replicate measurements as a
demonstration of reproducibility within the full data set.

4.1 Bulk Grain Size
Bulk sediment samples are untreated sediments collected from pressure cores and
therefore may contain organic carbon in addition to lithogenic sediment grains. Grain-size
analysis of bulk sediment samples shows three distinct grain-size distribution patterns as shown
in Figures 4, 5, and 6. I have visually classified these three grain-size distribution patterns as
Type A, B, and C in order of increasing median grain size. These are the same patterns identified
in the OC-Free grain-size distributions and will henceforth be referred to as Type A, B, and C
Bulk. A total of 46 bulk sediment samples were analyzed; this is less than the number of samples
treated to remove organic carbon because sample material was limited and OC-Free analysis was
prioritized. There are 13 Type A Bulk samples, 4 Type B Bulk samples, and 29 Type C Bulk
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samples. Average median grain size, skewness, kurtosis, and sorting for Type A/B/C Bulk
samples are listed in Table 2. A summary of all bulk samples is listed in Table 3.
Bulk Sample
Type
Type A Bulk
Type B Bulk
Type C Bulk

Median (µm)

Skewness

Kurtosis

Sorting (σ)

n=

4.55 ± 0.63
17.15 ± 5.16
48.21 ± 3.27

-0.04 ± 0.03
0.33 ± 0.10
0.43 ± 0.03

0.86 ± 0.02
0.76 ± 0.03
1.68 ± 0.11

1.91 ± 0.08
2.23 ± 0.05
1.51 ± 0.13

13
4
29

Table 2: Average median grain size, skewness, kurtosis, and sorting of bulk
grain-size measurements, shown to the 95% confidence interval.
Type A Bulk samples have poorly to very poorly sorted grain-size distributions that are
approximately evenly split between clay and silt with very minimal sand. The skewness of the
Type A Bulk grain-size distributions is approximately symmetrical with a range from slightly
positive to slightly negative. The kurtosis of the Type A Bulk grain-size distributions is
platykurtic owing to the broad grain-size distribution and poor sorting. Several Type A Bulk
samples display a secondary modal peak in their coarse fraction. In terms of their texture, Type
A Bulk sediments are clayey silt and silty clay as shown in Figure 7. See Figure 4 for a
compilation of all Type A Bulk grain-size distributions.
Type B Bulk samples have very poorly sorted, distinctly bimodal grain-size distributions.
Type B Bulk grain-size distributions appear to be a mix of Type A and C at first glance. The
Skewness of the Type B Bulk grain-size distributions is very positive skewed due to a secondary
modal peak residing in the finer grain-size fraction. The kurtosis of the Type B Bulk grain-size
distributions is platykurtic and is significantly influenced by the presence of the two distinct
modes. In terms of their texture, Type B Bulk sediments are all clayey silt as shown in Figure 7.
See Figure 5 for a compilation of all Type B Bulk grain-size distributions.
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Type C Bulk samples have poorly sorted grain-size distributions with a strong modal
peak at approximately the silt/sand grain-size boundary, and fine-grained tails of varying
significance. The Skewness of the Type C Bulk grain-size distributions is very positively skewed
owing to the fine-grained tails. The kurtosis of the Type C Bulk grains size distributions is very
leptokurtic despite the presence of significant fine tails. In terms of their texture, Type C Bulk
sediments are predominantly sandy silt as shown in Figure 7. See Figure 6 for a compilation of
all Type C Bulk grain-size distributions.
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Figure 4: Grain-size distribution and cumulative grain-size distribution of all
Type A Bulk samples (replicate measurements not included). These results are
also shown in Appendix A Figure A.55.
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Figure 5: Grain-size distribution and cumulative grain-size distribution of all
Type B Bulk samples (replicate measurements not included). These results are
also shown in Appendix A Figure A.56.
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Figure 6: Grain-size distribution and cumulative grain-size distribution of all
Type C Bulk samples (replicate measurements not included). These results are
also shown in Appendix A Figure A.57.
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Figure 7: Ternary diagram for siliciclastic textural classification. Sand, silt, and
clay percentages for the bulk sediment samples (n=46) shown here were
calculated by binning the output data according to the Wentworth (1922) grainsize classification scale. Sample details and % sand, silt, and clay for each data
point are listed in Table 3. All measured Bulk samples are shown including 13
Type A, 4 Type B, and 29 Type C Bulk samples.
Comparison of kurtosis and skewness values for sediment grain-size distributions
containing two differing modal ratios has been used to categorize fluvial sediments (e.g., Folk
and Ward, 1957). Folk and Ward (1957) found that a pattern of kurtosis and skewness exists in
natural sediments from fluvial environments, when they contain two modes, and is illustrated in
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Figure 8. As described by Folk and Ward (1957): the transition to finer sediments under bimodal
deposition conditions follows a predictable clockwise pattern (along the dashed line in Figure 8)
whereby skewness and kurtosis are at a maximum when there is a very dominant coarse mode
with a subordinate fine mode (80%–95% gravel and 5%–20% sand) (field 1 in Figure 8), then
kurtosis drops off sharply with an insignificant change in skewness as finer material (sand in this
example) is added and the subordinate fine mode becomes a more significant fraction (55%–80%
gravel and 20%–45% sand) of the sample (field 2 in Figure 8), then skewness shifts from
positive to negative with an insignificant change in kurtosis as the fine mode becomes the
dominant mode (45%–63% gravel and 37%–55% sand) (field 3 in Figure 8). Field 5 (Figure 8)
contains distributions with a dominant fine mode and a subordinate coarse mode (7%–20%
gravel and 80%–93% sand). The area surrounding the origin of Figure 8 (field 7) contains
sediments that are composed of an extremely dominant mode, nearly pure sand with less than 1%
gravel and less than 5% silt in this example.
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Figure 8: Kurtosis and skewness of natural sediments from fluvial
environments showing fields occupied by sediments of differing modal ratios.
The dashed line from 1-8 shows the path followed by sediments of decreasing
grain size. Fields 1 and 8 are occupied by sediments with a very dominant
coarse mode and a subordinate fine mode. Fields 2 and 3 are occupied by
sediments with two modal peaks of similar magnitude. Field 5 is occupied by
sediments containing a very dominant fine mode with a subordinate coarse
mode. Field 7 is occupied by nearly pure sediments with an extremely dominant
mode. Figure from Folk and Ward (1957).
Folk and Ward (1957) conclude that the transition to finer sediments under bimodal
deposition continues clockwise along the dashed line defined in Figure 8 for sand to silt, and silt
to clay. This is because the general pattern shown in Figure 8 is a function of the relative
proportion of two competing modes and is not unique to the sediments they studied.
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Accordingly, this pattern is expected to arise from data in this methane-hydrate reservoir because
two modes, fine and coarse, have been identified in varying proportions. Figure 9 shows the Folk
and Ward (1957) kurtosis and skewness plot (right) with example grain-size distributions (left)
that are expected to plot in the highlighted fields. Numbered distributions correlate with
highlighted fields in Figure 9. Beginning with distribution 7 in field 7, which contains one
extremely dominant mode and a very minimal fine mode, the transition to field 1 requires the
addition of fine mode as is shown by the thicker fine tail in distribution 1. Distribution 1 still
contains a very dominant coarse mode, but it also has a distinct fine tail. The transition from field
1 to field 2 requires a further addition of fine mode as is shown by the more significant fine
mode in distribution 2. Distribution 2 contains a fine mode of nearly the same magnitude as the
coarse mode and is positively skewed. The transition from field 2 to field 3 requires the addition
of more fine mode as is shown by the now dominant fine mode in distribution 3. And finally, the
transition from field 3 to field 5, again, requires the addition of fine mode. Field 5 contains
distributions with a very dominant fine mode and a subordinate coarse mode that is shown as a
coarse tail in distribution 5. An overall trend of fining is observed in Figure 9 when traveling
clockwise around the Folk and Ward (1957) kurtosis and skewness plot as indicated by arrows.
An overall trend of coarsening on the Folk and Ward (1957) kurtosis and skewness plot would be
indicated by reversing the arrows in Figure 9.
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Figure 9: Examples of grain-size distributions (left)
expected to plot within kurtosis and skewness fields (right)
outlined by Folk and Ward (1957). Numbered distributions
(left) correlate with numbered kurtosis and skewness fields
(right). Modified from Folk and Ward (1957)

Plotting the kurtosis and skewness values of grain-size distributions measured in this
thesis illustrates that Type A Bulk and Type C Bulk are two distinct populations (Figure 10). See
Figure 3 for the calculation of kurtosis and skewness values and see Table 3 for kurtosis and
skewness values of each Bulk sample. Type B Bulk samples appear to be more closely related to
Type A Bulk samples when comparing only the kurtosis and skewness of their grain-size
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distributions, but the coarse-dominated distinctly bimodal grain-size distribution observed in the
Type B Bulk samples (e.g., Figure 5) and not in the Type A Bulk samples (e.g., Figure 4)
precludes this grouping. Kurtosis and skewness values of Bulk samples plot in a distinct pattern
consistent with the findings of Folk and Ward (1957). Fields 1, 2, 3, and 7 in Figure 10
correspond to fields 1, 2, 3, and 7 respectively in Figures 8 and 9. Type C Bulk samples plot
primarily within field 1 (Figure 10), which contains sediments with a very dominant coarse mode
and a subordinate fine mode. Type B Bulk samples plot within field 2 (Figure 10), which
contains fine and coarse modes of similar magnitudes but still positively skewed. Notably, Type
A Bulk samples (Figure 10) do not plot within the fields defined by Folk and Ward (1957),
which may be due to the Type A Bulk samples containing two modes that are of roughly similar
grain size. Two modes that are close together with respect to grain size has the effect of
increasing kurtosis (by reducing the spread of the data) and may have moved the Type A Bulk
samples out of field 3 (Figure 10) and towards field 7. The Wallis Beach Sand lab standard is an
example of a unimodal distribution and is shown plotted within field 7 (Figure 10) as a reference
point.
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Figure 10: Kurtosis and Skewness values of Bulk sediment grain-size
distributions. The UNH Sedimentary Lab natural beach sand standard (Wallis
Beach Sand) is also shown representing a nearly Gaussian distribution. Fields 1,
2, 3, and 7 correspond to fields 1, 2, 3, and 7 respectively in Figures 8 and 9.
Dashed line and fields redrawn from Folk and Ward (1957). All measured Bulk
samples are shown including 13 Type A, 4 Type B, and 29 Type C Bulk
samples. These results are also shown in Figure 34.
Comparison between the sorting and median grain size of Bulk sediment samples shown
in Figure 11 reaffirms the presence of three distinct distribution types. Type C Bulk samples
have the largest range of sorting values owing to the variable thickness of their fine-grained tails
(e.g., Figure 6). Type A Bulk samples are much less sorted than most Type C Bulk samples and
are uniformly finer-grained. Type B Bulk samples appear to fall between Type A and C Bulk
samples as if they represent a transitional distribution type, consistent with their distinct bimodal
nature identified during visual analysis of the grain-size distributions as shown in Figure 5.
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Figure 11: Sorting of all Bulk samples plotted against their median grain size in
Phi units. Smaller sorting values equate to better sorting while smaller Phi
values equate to larger grain sizes. The UNH lab standard, Wallis Beach Sand, a
natural beach sand, is also shown for reference. Sorting was calculated by the
Folk and Ward (1957) sorting equation (see Figure 3). All measured Bulk
samples are shown including 13 Type A, 4 Type B, and 29 Type C Bulk
samples.
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225-317cm
225-317cm
0-27cm
0-26.8cm
129.5-139cm
0-95cm
0-95cm

GC 955-H002-2CS-4

GC 955-H002-3CS-1

GC 955-H002-4CS-1

GC 955-H002-4CS-3

GC 955-H002-5CS-1

GC 955-H002-5CS-1

125-225cm

GC 955-H002-2CS-3

GC 955-H002-2CS-4

45-91cm

GC 955-H002-2CS-2

225-317cm

45-91cm

GC 955-H002-2CS-2

GC 955-H002-2CS-4

0-45cm

GC 955-H002-2CS-1

225-317cm

35-79cm

GC 955-H002-1CS-1

GC 955-H002-2CS-4

35-79cm

GC 955-H002-1CS-1

125-225cm

35-79cm

GC 955-H002-1CS-1

GC 955-H002-2CS-3

Section Interval

Core ID

4.68

6.46

75-76cm

30-31cm

9.29
422.29 37.29

421.84

60.37

60.73

54.17

Whole Section Bagged 419.83

8.17

66.44

39.48

Whole Section Bagged 418.63 11.30

3.56

47.55

70.06

60.54

58.62

44.66

48.23

61.08

61.13

415.57

417.74

417.64 51.46

417.57 15.94

417.36 12.25

415.85

415.48 55.01

413.66

413.45 10.67

4.20

13-14cm

85-86cm

75-76cm

68-69cm

47-48cm

96-97cm

59-60cm

37-38cm

16-17cm

53.18

Whole Section Bagged 412.62 18.80

49.10

58.08

46.62

410.08

409.94 48.67

409.81 34.05

2.34

29.98

37.66

26.26

34.67

56.96

0.99

14.00

27.21

34.92

0.33

47.09

28.25

28.02

57.74

2.23

7.87

A

C

C

C

C

C

A

C

C

C

A

C

C

C

C

A

B

7.08

45.49

51.30

41.37

50.55

68.20

3.79

30.19

42.56

49.93

3.37

59.59

43.99

36.18

63.29

4.21

10.63

0.09

0.49

0.43

0.52

0.30

0.28

-0.08

0.52

0.56

0.39

-0.04

0.33

0.54

0.51

0.34

-0.08

0.17

0.81

1.85

1.94

1.62

1.66

1.56

0.89

1.12

1.63

1.92

0.88

1.85

1.81

0.91

2.02

0.85

0.72

2.03

1.55

1.45

1.75

1.03

1.02

1.87

1.93

1.83

1.30

1.73

1.11

1.69

2.25

1.10

2.01

2.27

mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)

4.64

38-39cm

24-25cm

11-12cm

Sample Interval

Table 3: Summary data table for Bulk samples. These data are plotted in Figures 7, 10, and 11.
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432.32 19.08

Partial Section
Bagged1

5.19

GC 955-H005-6FB-2
78.9-197.5cm

103.5-113.5cm

429.51 11.26

GC 955-H005-4FB-7 190.9-202.9cm Whole Section Bagged 423.51

8.65

59.85

58.10

58.02

65-82.5cm

Whole Section Bagged 422.28 26.59

GC 955-H005-4FB-5

63.91

47.47

59.07

58.11

GC 955-H005-3FB-2 115.2-132.7cm Whole Section Bagged 419.73 24.52

437.25 51.74

436.08

435.80 41.16

60.83

54.15

54.04

40.36

19-21cm

27-28cm

33-34cm

5-6cm

Whole Section Bagged 434.21 15.93

432.39 44.80

57.76

Whole Section Bagged 428.02 11.12
57-58cm

63.55

59.42

431.05 29.62

8-9cm

6.83

Whole Section Bagged 427.47 10.06
429.13

62.08

8.57

Whole Section Bagged 425.47

16-17cm

57.94

4.52

56.79

28.89

33.25

15.39

11.57

0.61

0.79

35.74

0.72

23.24

26.77

1.16

32.12

6.83

33.75

27.86

33.49

33.49

C

C

B

B

A

A

C

A

C

C

A

C

B

C

C

C

C

43.56

46.95

21.81

21.01

3.01

3.75

51.24

5.67

36.48

36.55

4.83

45.11

15.13

48.67

42.76

48.40

53.51

0.54

0.46

0.41

0.41

-0.07

-0.09

0.34

0.07

0.54

0.54

-0.02

0.51

0.34

0.38

0.48

0.45

0.31

1.66

1.71

0.75

0.80

0.93

0.88

1.89

0.84

1.13

0.89

0.86

1.64

0.76

1.90

1.72

1.95

1.81

1.77

1.56

2.29

2.16

1.66

1.88

1.14

1.88

2.05

2.23

1.88

1.78

2.19

1.33

1.63

1.45

1.06

mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)
424.69

10-11cm

Sample Interval

284.28 59.03

163-184cm

GC 955-H005-1FB-3

57-157cm

GC 955-H002-8CS-2

315-352cm

57-157cm

GC 955-H002-8CS-2

GC 955-H002-8CS-5

6-72cm

GC 955-H002-7CS-1

272-315cm

319-385cm

GC 955-H002-6CS-5

GC 955-H002-8CS-4

219-282cm

GC 955-H002-6CS-4

272-315cm

119-219cm

GC 955-H002-6CS-3

GC 955-H002-8CS-4

19-119

GC 955-H002-6CS-2

157-235cm

0-19cm

GC 955-H002-6CS-1

GC 955-H002-8CS-3

Section Interval

Core ID
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0-32cm
0-27cm
0-12cm
12-30cm
76-140cm
76-140cm
76-140cm

GC 955-H005-10FB-2

GC 955-H005-11FB-1

GC 955-H005-12FB-1

GC 955-H005-12FB-2

GC 955-H005-12FB-3

GC 955-H005-12FB-3

GC 955-H005-12FB-3

9.99

Whole Section Bagged 439.99

90-91cm

9-10cm

60-61

37-38

12-13cm

15-16cm

4-5cm
8.21

−

−

445.16

446.29

51.56

46.48

5.38

3.46

446.04 59.03

444.79

444.40 41.17

441.49 41.54

7.88

Whole Section Bagged 439.36

0-2cm

9.06

436.93

15-16cm

6.37

47.28

48.09

54.30

39.31

40.36

57.79

54.72

56.70

54.93

61.69

64.36

49.95

1.16

5.43

40.32

57.23

0.61

34.00

4.11

1.76

35.08

30.43

26.58

43.68

A

A

C

C

A

C

A

A

C

C

C

C

3.78

4.64

54.44

68.00

3.88

48.62

5.76

5.38

47.15

45.46

42.12

56.40

-0.08

-0.11

0.36

0.28

-0.03

0.44

-0.06

-0.03

0.49

0.41

0.44

0.40

1

This sample was collected from a bagged sample from the lower interval in the core (62-100 cm).

0.90

0.85

1.95

1.60

0.86

1.90

0.79

0.89

1.55

1.82

1.75

1.87

1.84

2.19

1.18

0.96

1.80

1.46

2.11

1.90

1.76

1.43

1.53

1.34

mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)

Whole Section Bagged 430.78

Sample Interval

* This sample was collected from a core section of sediment that resulted from additional material
that flowed in through the bottom of the coring tool and was lodged between the liner and the
rabbit (see Flemings et al., 2018).

60-160cm

282-317cm

GC 955-H005-9FB-4

GC 955-H005-12FB
Bonus-2*

0-18cm

GC 955-H005-9FB-1

60-160cm

0-18.6cm

GC 955-H005-7FB-1

GC 955-H005-12FB
Bonus-2*

Section Interval

Core ID

4.2 Organic-Carbon-Free Grain Size
OC-Free samples are sediments collected from pressure cores that have been treated with
hydrogen peroxide (see Chapter 3.3) to remove organic carbon. Grain-size analysis of OC-Free
sediment samples shows three distinct grain-size distribution patterns as shown in Figures 12, 13,
and 14. I have visually classified these three grain-size distribution patterns as Type A, B, and C
in order of increasing median grain size. These are the same patterns identified in the bulk grainsize distributions and will henceforth be referred to as Type A, B, and C OC-Free to distinguish
them from Bulk measurements. A total of 51 OC-Free sediment samples were analyzed; this is
greater than the number of Bulk samples because sample material was limited and OC-Free
analysis was prioritized. There are 13 Type A OC-Free samples, 4 Type B OC-Free samples, and
34 Type C OC-Free samples. Average median grain size, skewness, kurtosis, and sorting for
Type A/B/C OC-Free samples are listed in Table 4. A summary of all OC-Free samples is listed
in Table 5.

OC-Free
Median (µm)
Skewness
Kurtosis
Sorting (σ)
n=
Sample Type
Type A
4.87 ± 0.73
-0.01 ± 0.04
0.85 ± 0.02
1.91 ± 0.08
13
Type B
20.37 ± 4.53
0.41 ± 0.07
0.80 ± 0.04
2.19 ± 0.03
4
Type C
51.52 ± 2.68
0.36 ± 0.03
1.70 ± 0.08
1.25 ± 0.09
34
Table 4: Median grain size, skewness, kurtosis, and sorting of OC-Free grainsize measurements, shown to the 95% confidence interval.
Type A OC-Free samples have poorly to very poorly sorted grain-size distributions that
are approximately evenly split between clay and silt with very minimal sand. The skewness of
the Type A OC-Free grain-size distributions is approximately symmetrical with a range from
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slightly positive to slightly negative. The kurtosis of the Type A OC-Free grain-size distributions
is platykurtic owing to the broad grain-size distribution and poor sorting. Several Type A OCFree samples display a secondary modal peak in their coarse fraction. In terms of their texture,
Type A OC-Free sediments are clayey silt and silty clay as shown in Figure 15. See Figure 12 for
a compilation of all Type A OC-Free grain-size distributions.
Type B OC-Free samples have very poorly sorted, distinctly bimodal grain-size
distributions. Type B OC-Free grain-size distributions appear to be a mix of Type A OC-Free
and C OC-Free at first glance. The Skewness of the Type B OC-Free grain-size distributions is
very positively skewed due to a secondary modal peak residing in the finer grain-size fraction.
The kurtosis of the Type B OC-Free grain-size distributions is platykurtic and is significantly
influenced by the presence of the two distinct modes. In terms of their texture, Type B OC-Free
sediments are all clayey silt as shown in Figure 15. See Figure 13 for a compilation of all Type B
OC-Free grain-size distributions.
Type C OC-Free samples have poorly sorted grain-size distributions with a strong modal
peak at approximately the silt/sand grain-size boundary, and fine-grained tails of varying
significance. The Skewness of the Type C OC-Free grain-size distributions is very positively
skewed owing to the fine-grained tails. The kurtosis of the Type C OC-Free grain-size
distributions is very leptokurtic despite the presence of significant fine tails. In terms of their
texture, Type C OC-Free sediments are predominantly sandy silt as shown in Figure 15. See
Figure 14 for a compilation of all Type C OC-Free grain-size distributions.
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Figure 12: Grain-size distribution and cumulative grain-size distribution of all
Type A OC-Free samples (replicate measurements not included). These results
are also shown in Appendix A Figure A.52.
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Figure 13: Grain-size distribution and cumulative grain-size distribution of all
Type B OC-Free samples (replicate measurements not included). These results
are also shown in Appendix A Figure A.53.
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Figure 14: Grain-size distribution and cumulative grain-size distribution of all
Type C OC-Free samples (replicate measurements not included). These results
are also shown in Appendix A Figure A.54.
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Figure 15: Ternary diagram for siliciclastic textural classification. Sand, silt,
and clay percentages for the OC-Free sediment samples shown here were
calculated by binning the output data according to the Wentworth (1922) grainsize classification scale. Sample details and % sand, silt, and clay for each data
point are shown in Table 5. All measured OC-Free samples are shown including
13 Type A, 4 Type B, and 34 Type C OC-Free samples.
Consistent with the Bulk results, kurtosis and skewness of OC-Free samples track the
same fields defined by Folk and Ward (1957) (e.g., Figures 8 and 9). Plotting the kurtosis and
skewness values of grain-size distributions measured in this thesis illustrates that Type A OC37

Free and Type C OC-Free are two distinct populations (Figure 16). See Figure 3 for the
calculation of kurtosis and skewness values and Table 5 for kurtosis and skewness values of each
OC-Free sample. Type B OC-Free samples appear to be more closely related to Type A OC-Free
samples when comparing only the kurtosis and skewness of their grain-size distributions, but the
coarse-dominated distinctly bimodal grain-size distribution observed in the Type B OC-Free
samples (e.g., Figure 13) and not in the Type A OC-Free samples (e.g., Figure 12) precludes this
grouping. Kurtosis and skewness values of OC-Free samples plot in a distinct pattern consistent
with the findings of Folk and Ward (1957). Fields 1, 2, 3, and 7 in Figure 16 correspond to fields
1, 2, 3, and 7 respectively in Figures 8 and 9. Type C OC-Free samples plot primarily within
field 1 (Figure 16), which contains sediments with a very dominant coarse mode and a
subordinate fine mode. Type B OC-Free samples plot within field 2 (Figure 16), which contains
fine and coarse modes of similar magnitudes but still positively skewed. Notably, Type A OCFree samples (Figure 16) do not plot within the fields defined by Folk and Ward (1957), which
may be due to the Type A OC-Free samples containing two modes that are of roughly similar
grain size. Two modes that are close together with respect to grain size has the effect of
increasing kurtosis (by reducing the spread of the data) and may have moved the Type A OCFree samples out of field 3 (Figure 16) and towards field 7. The Wallis Beach Sand lab standard
is an example of a unimodal distribution and is shown plotted within field 7 (Figure 16) as a
reference point.
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Figure 16: Kurtosis and Skewness values of OC-Free sediment sample grainsize distributions. The UNH Sedimentary Lab natural beach sand standard
(Wallis Beach Sand) is also shown representing a nearly Gaussian distribution.
Areas 1, 2, 3, and 7 correspond to areas 1, 2, 3, and 7 in Figures 8 and 9. Dashed
line and fields redrawn from Folk and Ward (1957). All measured OC-Free
samples are shown including 13 Type A, 4 Type B, and 34 Type C OC-Free
samples. These results are also shown in Figure 34.
Comparison between the sorting and median grain size of OC-Free sediment samples
reaffirms the presence of three distinct distribution types as shown in Figure 17. Type C OC-Free
samples have the largest range of sorting values owing to the variable thickness of their finegrained tails (e.g., Figure 14). Type A OC-Free samples are much less sorted than most Type C
OC-Free samples and are uniformly finer-grained. Type B OC-Free samples appear to fall
between Type A and C OC-Free samples as if they represent a transitional distribution type,
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consistent with their distinct bimodal nature identified during visual analysis of the grain-size
distributions as shown in Figure 13.

Figure 17: Sorting of all OC-Free samples plotted against their median grain
sizes in Phi units. Smaller sorting values equate to better sorting while smaller
Phi values equate to larger grain sizes. The UNH lab standard, Wallis Beach
Sand, a natural beach sand, is also shown for reference. Sorting was calculated
by the Folk and Ward (1957) sorting equation (see Methods). All measured OCFree samples are shown including 13 Type A, 4 Type B, and 34 Type C OCFree samples.
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Section Interval
35-79cm
35-79cm
35-79cm
0-45cm
45-91cm
45-91cm
125-225cm
125-225cm
225-317cm
225-317cm
225-317cm
225-317cm
0-27cm
0-26.8cm
129.5-139cm
0-95cm

Core ID

GC 955-H002-1CS-1

GC 955-H002-1CS-1

GC 955-H002-1CS-1

GC 955-H002-2CS-1

GC 955-H002-2CS-2

GC 955-H002-2CS-2

GC 955-H002-2CS-3

GC 955-H002-2CS-3

GC 955-H002-2CS-4

GC 955-H002-2CS-4

GC 955-H002-2CS-4

GC 955-H002-2CS-4

GC 955-H002-3CS-1

GC 955-H002-4CS-1

GC 955-H002-4CS-3

GC 955-H002-5CS-1

3.64

5.31

9.21

6.78

3.57

72.49

63.43

57.03

6.53

7.26

Whole Section Bagged 419.83
421.84

9.55

3.80

Whole Section Bagged 418.63

417.74

63.16

55.10

63.06

63.23

37.23

417.64 49.80 48.94

417.57

417.36

415.85

4.16

30-31cm

49.76

62.72

415.48 53.03 46.73

413.66

413.45

415.57

13-14cm

85-86cm

75-76cm

68-69cm

47-48cm

96-97cm

59-60cm

37-38cm

16-17cm

30.31

37.64

27.39

32.61

58.97

1.26

18.30

29.79

39.40

0.24

46.60

31.97

34.42

Whole Section Bagged 412.62 13.18 52.40

2.63

3.44

12.04

55.97

410.08

409.94 44.29 52.27

409.81 23.53 64.43

C

C

C

C

C

A

C

C

C

A

C

C

C

C

A

B

46.64

51.38

42.81

48.75

70.06

4.02

37.11

46.72

54.08

3.60

59.19

48.58

45.23

66.16

5.17

23.88

0.38

0.41

0.49

0.29

0.30

-0.09

0.45

0.38

0.26

-0.03

0.28

0.34

0.53

0.11

-0.04

0.48

1.91

1.91

1.70

1.59

1.68

0.84

1.77

2.00

1.55

0.88

1.57

1.87

1.28

1.08

0.80

0.83

1.28

1.39

1.61

1.05

1.05

1.95

1.48

1.27

0.95

1.73

1.00

1.14

2.00

0.66

2.11

2.19

mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)

41.40

38-39cm

24-25cm

11-12cm

Sample Interval

Table 5: Summary data table for OC-Free samples. These data are plotted in Figures 15, 16, and 17.
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Section Interval
0-95cm
0-19cm
19-119
119-219cm
219-282cm
319-385cm
319-385cm
6-72cm
57-157cm
57-157cm
157-235cm
272-315cm
272-315cm
315-352cm
315-352cm
315-352cm

Core ID

GC 955-H002-5CS-1

GC 955-H002-6CS-1

GC 955-H002-6CS-2

GC 955-H002-6CS-3

GC 955-H002-6CS-4

GC 955-H002-6CS-5

GC 955-H002-6CS-5

GC 955-H002-7CS-1

GC 955-H002-8CS-2

GC 955-H002-8CS-2

GC 955-H002-8CS-3

GC 955-H002-8CS-4

GC 955-H002-8CS-4

GC 955-H002-8CS-5

GC 955-H002-8CS-5

GC 955-H002-8CS-5

32.5-33.5cm

27-28cm

12.5-13.5cm

33-34cm

5-6cm

5.05

4.46

437.31

2.82

0.76

57.15 40.03

0.75

65.85 29.10

63.76 31.78

437.25 49.97 49.28

437.11

436.08

435.80 38.59 60.65

C

A

C

C

A

C

Whole Section Bagged 434.21 10.21 64.47 25.32

5.91

C

432.32

A

C

C

B

C

C

C

C

A

51.99 42.10

Partial Section
Bagged1

0.41

57.64 33.69

47.26 48.48

6.08

62.11 32.01

62.80 30.43

59.01 32.81

432.39 40.64 58.95

8.67

Whole Section Bagged 428.02
57-58cm

4.26

1.20

61.12 34.64

431.05 30.72 63.20
431.10

13cm

8-9cm

5.88

6.77

Whole Section Bagged 427.47
429.13

8.18

Whole Section Bagged 425.47

16-17cm

4.24

422.29 34.97 63.83

55.21

3.99

46.86

48.23

6.41

40.66

55.47

5.75

47.55

60.49

13.57

47.50

42.23

47.60

50.45

7.98

0.12

-0.07

0.33

0.30

0.11

0.49

0.38

0.06

0.45

0.31

0.30

0.35

0.38

0.43

0.30

0.16

1.12

0.86

1.82

1.67

0.83

1.62

1.95

0.82

1.79

1.55

0.75

1.81

1.86

1.88

1.68

0.81

0.70

1.89

1.11

1.07

1.91

1.66

1.26

1.83

1.53

1.16

2.17

1.25

1.32

1.45

1.05

1.95

mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)

424.69

10-11cm

75-76cm

Sample Interval

43
53-138cm
282-317cm
0-32cm
0-27cm
0-12cm
12-30cm
76-140cm
76-140cm

GC 955-H005-9FB-2

GC 955-H005-9FB-4

GC 955-H005-10FB-2

GC 955-H005-11FB-1

GC 955-H005-12FB-1

GC 955-H005-12FB-2

GC 955-H005-12FB-3

GC 955-H005-12FB-3

0-18.6cm

GC 955-H005-7FB-1
0-18cm

78.9-197.5cm

GC 955-H005-6FB-2

GC 955-H005-9FB-1

43.16

55.76

Whole Section Bagged 439.99 8.98

37-38

12-13cm

15-16cm

4-5cm

59.59

446.29 2.90

35.92

446.04 48.87 50.87

444.79 6.16

444.40 43.99 53.68

441.49 41.92 56.95

59.54

Whole Section Bagged 439.36 6.82

0-2cm

53.93

61.26

437.83 5.24

34-35cm

436.93 8.06

50.17

Whole Section Bagged 430.78 4.93
15-16cm

60.02

429.51 9.16

103.5-113.5cm

428.91 2.72

78.9-197.5cm

GC 955-H005-6FB-2
43-44.5cm

58.18

GC 955-H005-4FB-7 190.9-202.9cm Whole Section Bagged 423.51 6.47

61.18

0.26

34.25

2.33

1.13

35.26

33.64

40.83

30.68

44.90

30.82

54.12

35.35

13.71

65-82.5cm

Whole Section Bagged 422.28 25.04 61.25

GC 955-H005-4FB-5

12.25

GC 955-H005-3FB-2 115.2-132.7cm Whole Section Bagged 419.73 22.70 65.05

19-21cm

C

A

C

A

A

C

C

C

C

C

C

C

C

B

B

A

71.50

4.16

49.37

5.06

5.54

47.50

48.20

54.79

45.14

57.62

45.84

65.23

49.31

21.86

22.17

3.08

0.25

0.00

0.37

-0.06

0.04

0.47

0.39

0.34

0.41

0.35

0.49

0.23

0.39

0.42

0.43

-0.07

1.49

0.85

1.89

0.82

0.83

1.57

1.80

2.11

1.79

1.78

1.81

1.40

1.74

0.78

0.84

0.91

0.90

1.79

1.27

2.02

1.93

1.67

1.36

1.16

1.47

1.19

1.56

0.87

1.36

2.23

2.15

1.72

mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)
0.72

163-184cm

GC 955-H005-1FB-3

Sample Interval
284.28 57.94 41.34

Section Interval

Core ID
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60-160cm
60-160cm

GC 955-H005-12FB
Bonus-2*

GC 955-H005-12FB
Bonus-2*
90-91cm

9-10cm

60-61

−

−

445.16

53.22

44.86

5.58

46.15

49.01

54.00

0.63

6.13

40.42

A

A

C

3.57

4.95

54.21

-0.06

-0.10

0.37

0.88

0.86

1.89

1

This sample was collected from a bagged sample from the lower interval in the core (62-100 cm).

* This sample was collected from a core section of sediment that resulted from additional material that
flowed in through the bottom of the coring tool and was lodged between the liner and the rabbit (see
Flemings et al., 2018).

76-140cm

1.79

2.21

1.23

Section Interval Sample Interval mbsf % Clay % Silt % Sand Type Median (µm) Skewness Kurtosis Sorting (σ)

GC 955-H005-12FB-3

Core ID

4.3 Difference
Comparison between Bulk and OC-Free measurements for each sample reveals several
instances (28 out of 46) where grain-size distributions shifted after hydrogen peroxide treatment
was used to remove organic carbon. The direction of the shift is towards the coarser fraction and
the magnitude of the shift is highly variable. In samples where grain-size distributions have
shifted post hydrogen peroxide treatment, the organic carbon predominantly resided within the
fine grain-size fraction as demonstrated by a relative loss in the finest material of all three
distribution types (A, B, and C). The preferential loss of organic carbon in the fine fraction
resulted in a relative increase of the coarser faction. Three examples of samples showing a loss
of organic carbon in the fine fraction, one for each grain-size distribution type (A, B, and C), are
shown in Figures 18, 19, and 20. As shown in these figures, a loss of organic carbon in the fine
fraction is not exclusive to any of the three identified grain-size distribution types (A, B, or C).
Figures showing the comparisons of all Bulk and OC-Free measurements are shown in Appendix
A.
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Figure 18: An example of a typical Type A grain-size distribution and
cumulative grain-size distribution showing a relative loss of fine material after
organic carbon removal. Sample GC 955-H002-1CS-1 (35-79cm) 24-25cm.
These results are also shown in Appendix A Figure A.2. This sample shows a
relative loss of organic carbon between approximately 0.3 and 15 µm after
hydrogen peroxide treatment.
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Figure 19: An example of a typical Type B grain-size distribution and
cumulative grain-size distribution showing a relative loss of fine material after
organic carbon removal. Sample GC 955-H002-1CS-1 (35-79cm) 11-12cm.
These results are also shown in Appendix A Figure A.1. This sample shows a
relative loss of organic carbon between approximately 0.3 and 20 µm after
hydrogen peroxide treatment.
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Figure 20: An example of a typical Type C grain-size distribution and
cumulative grain-size distribution showing a relative loss of fine material after
organic carbon removal. Sample GC 955-H002-8CS-2 (57-157cm) Partial
Section Bagged. Note: this sample was collected from a bagged sample
representing the lower interval in the core (62-100 cm, see UT GOM2-1 Data
Report: Lithostratigraphy). These results are also shown in Appendix A Figure
A.26. This sample shows a relative loss of organic carbon between
approximately 0.3 and 30 µm after hydrogen peroxide treatment.
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The remaining 18 samples for which both Bulk and OC-Free grain-size distributions were
measured showed no, or very minor, change in their grain-size distributions when visually
comparing their Bulk and OC-Free grain-size distributions. This could indicate either a lack of
organic carbon within many of these samples, or extremely fine organic carbon trapped in
nanopores on the face of sediment grains (e.g., Mayer, 1994) that is inaccessible to removal with
hydrogen peroxide and/or too small for the laser particle size analyzer to measure. A lack of
change in sediment grain-size distribution following organic carbon removal was not exclusive
to any of the three identified grain-size distribution types (A, B, and C). Examples of each grainsize distribution type (A, B, and C) showing no, or very minor, change in grain-size distribution
after organic carbon removal are shown in Figures 21, 22, and 23.
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Figure 21: An example of a typical Type A grain-size distribution and
cumulative grain-size distribution that shows little to no change after organic
carbon removal. Sample GC 955-H005-1FB-3 (163-184cm) 19-21cm. These
results are also shown in Appendix A Figure A.33.
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Figure 22: An example of a typical Type B grain-size distribution and
cumulative grain-size distribution that shows little to no change after organic
carbon removal. Sample GC 955-H002-6CS-5 (319-338cm) 8-9cm. These
results are also shown in Appendix A Figure A.22.
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Figure 23: An example of a typical Type C grain-size distribution and
cumulative grain-size distribution that shows little to no change after organic
carbon removal. Sample GC 955-H002-2CS-4 (225-317cm) 85-86cm. These
results are also shown in Appendix A Figure A.12.
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4.4 Standards and Replicate Measurements
Standard materials were analyzed at the beginning and end of each working day on the
Mastersizer 2000 in the Sedimentology Laboratory at UNH to ensure good instrument calibration
and performance. The two standard materials used are a natural medium sand (Wallis Beach
Sand) collected by the UNH Sedimentology Lab, and a synthetic Malvern standard composed of
glass spheres. Both standard materials had excellent reproducibility. Average median grain size,
skewness, kurtosis, and sorting for standard materials are listed in Table 6. See Figures 24 and 25
for a compilation of all Wallis Beach Sand and Malvern grain-size distributions.
Standard
Median (µm)
Skewness
Kurtosis
Sorting (σ)
Wallis Sand 318.52 ± 7.58
-0.01 ± 0.00
0.96 ± 0.00
0.45 ± 0.01
Malvern
75.21 ± 0.44
0.57 ± 0.00
1.21 ± 0.01
0.53 ± 0.01
Table 6: Average median grain size, skewness, kurtosis, and sorting of
standard measurements, shown to the 95% confidence interval.
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n=
13
8

Figure 24: Replicate Grain-size distribution and cumulative grain-size
distribution of the UNH Sedimentology Lab natural medium sand (Wallis Beach
Sand) lab standard (n = 13). These results are also shown in Appendix B Figure
B.24. Note that this lab standard is a natural sand that may contain some organic
carbon. However, no hydrogen peroxide treatments to remove organic carbon
from this standard were performed.
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Figure 25: Replicate Grain-size distribution and cumulative grain-size
distribution of the Malvern 15-150 µm standard (n = 8). These results are also
shown in Appendix B Figure B.25.
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A total of 23 samples were randomly chosen for replicate grain-size analysis including 15
OC-Free and 8 Bulk samples. Additionally, each sample aliquot, for all replicates and nonreplicates, was measured three times consecutively and the three measurements were compared
to each other to ensure consistent instrument performance. An average of those three
measurements is reported for all samples in this thesis as discussed in Chapter 3.4. Replicate
grain-size measurements for Type A, B, and C distributions are shown in Figures 26, 27, and 28
and all of the replicates are shown in Appendix B Figures B.1 through B.25. In general, OC-Free
replicate measurements performed slightly better than Bulk replicate measurements,
demonstrating the consistency of the hydrogen peroxide procedure used to remove organic
carbon. Nevertheless, many Bulk replicate measurements are excellent, and the remaining are
still acceptable.
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Figure 26: An example of a typical Type A replicate grain-size distribution and
cumulative grain-size distribution. Sample GC 955-H002-1CS-1 (35-79cm) 2425cm. These results are also shown in Appendix B Figure B.1.
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Figure 27: An example of a typical Type B replicate grain-size distribution and
cumulative grain-size distribution. Sample GC 955-H005-4FB-5 (65-82.5cm)
Whole Section Bagged. These results are also shown in Appendix B Figure
B.16.
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Figure 28: An example of a typical Type C replicate grain-size distribution and
cumulative grain-size distribution. Sample GC 955-H005-9FB-4 (282-317cm)
Whole Section Bagged. These results are also shown in Appendix B Figure
B.20.
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CHAPTER 5
DISCUSSION

Turbidity currents and other submarine sediment gravity flows transport coarse sediments
from the continental shelf out to the abyssal plain, where hemipelagic sedimentation is typically
dominated by clay-and-silt-sized lithogenic and biogenic particles settling out of the water
column. The samples analyzed in this thesis research were collected from a Pleistocene-age
channel-levee system near the mouth of Green Canyon in the Gulf of Mexico (Flemings et al.,
2018). Age control was determined by identification of in situ calcareous nannofossils in the
finest stratigraphic intervals (Phillips, 2018). The methane-hydrate-bearing reservoir at the study
location is bounded above and below by homogeneous clay-dominated sediments lacking
notable flow structures, consistent with hemipelagic sedimentation (Meazell et al., 2020). The
methane-hydrate-bearing reservoir, however, contains fine muds (Type A and B lithofacies)
interbedded with coarser layers (Type C lithofacies) that display ripples and cross bedding flow
structures (Meazell et al., 2020) as shown in Figure 29, and are consistent with lateral sediment
transport via turbidity currents or other types of sediment gravity flows.
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Figure 29: Xray-CT of the sandy silt lithofacies (Type C) showing abundant
laminations (left) and interpreted features (right). Sample from core GC 955H005-2FB, 65-74cm. The sediment grain-size distribution of this sample was
not analyzed in this thesis research. Figure modified from Meazell et al. (2020).
The methane-hydrate reservoir sampled from holes H002 and H005 is located in the
levee of a long-lived turbidite channel-levee system in the Gulf of Mexico deepwater. The
stratigraphy of this methane-hydrate reservoir alternates between finer and a coarser lithofacies,
which suggests episodic coarse sedimentation interrupting the finer background hemipelagic
sedimentation, consistent with sediment cores collected from other turbidite channel-levee
systems (e.g., Riedel et al., 2010; Collett et al., 2014). In this chapter, I discuss the physical
sedimentological properties of the sediments, the distribution of TOC, and the source of methane
for the methane-hydrate reservoir that was pressure cored in holes H002 and H005 during the
GOM2 expedition.
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5.1 Grain-size Distributions and Core Sedimentology
In terms of their texture, the finest stratigraphic intervals (Type A lithofacies) have been
classified as silty-clay and clayey-silt based on the relative percentages of clay, silt, and sand
they contain (see Figures 7 and 15). Smear slide analysis of this lithofacies was performed during
core sampling by Joel Johnson to determine sediment composition (Flemings et al., 2018). The
sediment of the finest fraction of the Type A lithofacies is predominantly composed of clay-sized
minerals, with some rock fragments. The silt-sized mineral grains in the Type A lithofacies are
composed of quartz (up to 12%), amphibole (up to 3%), microcline and plagioclase feldspar (up
to 1%), and opaque minerals (up to 1%). Rock fragments within the silt fraction were
predominantly detrital carbonates with trace amounts of dolomite, igneous lithics, and chert.
Biogenic grains were only observed in trace amounts during smear slide analysis of the Type A
lithofacies. This lithofacies is interpreted to represent a mixture of background hemipelagic
sedimentation between turbidity-current events and the finest tails of turbidity currents that can
take days to weeks to settle out of the water column. This interpretation is based on the
abundance of clay-sized sediment grains, the distance from a terrigenous sediment source, and
the minor proportion of sand-sized sediment grains. Additionally, the Type A lithofacies
contained almost all of the in situ calcareous nannofossils recovered and analyzed for age dating
the methane-hydrate reservoir (Phillips, 2018), supporting the interpretation that the Type A
lithofacies most likely contains hemipelagic sedimentation.
In terms of their texture, the coarsest stratigraphic intervals (Type C lithofacies) have
been classified as sandy-silt and silty-sand based on the relative percentages of clay, silt, and
sand they contain (Figures 7 and 15). Smear slide analysis of this lithofacies was performed
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during core sampling Joel Johnson to determine sediment composition (Flemings et al., 2018).
The sediment grains in the Type C lithofacies are composed of quartz (~50%), feldspar (5%),
and notable amphibole (up to 3%). Rock fragments made up 20%–50% of the Type C lithofacies
and were predominantly composed of detrital carbonate and igneous/volcanic lithic fragments.
Chert, volcanic glass, dolomite, plant debris, and opaque and heavy minerals were also observed.
Abundant reworked Cretaceous calcareous nannofossils dominate the biostratigraphy of the Type
C lithofacies (Phillips, 2018) with a notable lack of biogenic grains and in situ foraminifera. This
is evidence of sediment redeposition and is thus not useful in determining the age of the reservoir
(Phillips, 2018). Based on the coarse nature of the sediment, the presence of sedimentary flow
structures (e.g., Figure 29), the degree of sorting observed in the coarse fraction, and the location
(far from land), the Type C lithofacies is interpreted to represent graded suspension in turbidity
current or other sediment gravity flow events that spilled out of the main channel and were
deposited on the levee.
Additionally, laser diffractometry identified the presence of fine tails of variable
significance within the Type C lithofacies (e.g., Figures 6 and 14). All samples from the Type C
lithofacies contain fine tails to some degree in their grain-size distributions. The sediments of the
Type C lithofacies were sorted during lateral transport, consistent with sediment transport by
turbidity currents. However, turbidity currents suspend sediment particles with turbulence, which
is by definition chaotic; this may explain why even the most sorted samples contain fine tails.
Turbulence decreases as a turbidity current gradually loses speed, causing the suspended load to
move towards the base of the turbidity current and be deposited (Passega, 1964). This initiates a
positive feedback loop that causes a further decrease in turbulence, and ultimately, mass
sedimentation (Passega, 1964). Therefore, Type C samples containing minimal fine tails are
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interpreted to have been deposited under more turbulent conditions than those with more
significant fine tails. The thickness of the fine tails in Type C samples, as shown in Figures 6 and
14, and the highly variable sorting of Type C samples as shown in Figures 11 and 17, then
correlates with the amount of turbulence in the flow. Distributions with thicker fine tails and
worse sorting in this depositional environment indicate a waning turbidity current with less
turbulence. Differences between individual Type C samples is likely caused by variable
depositional energy, which is controlled by the proximity and/or magnitude of individual
turbidity currents.
In terms of their texture, the Type B lithofacies has been classified as clayey-silt based on
the relative percentages of clay, silt, and sand they contain (Figures 7 and 15). This lithofacies
was not identified during initial core description and smear slide analysis. The Type B lithofacies
has a distinct bimodal grain-size distribution and a median grain size between that of the Type A
and C lithofacies. I have interpreted the Type B lithofacies to represent sediment deposition at
the distal margin a waning turbidity current where turbidity ceases and all remaining suspended
sediment begins to settle out of the water column. As turbidity wanes and then finally ceases, the
remaining suspended grains are deposited together (Passega, 1964). The deposition at the end of
a turbidity current, when turbidity ceases, is therefore the worst sorted lithofacies, consistent with
Figures 11 and 17. The Type B lithofacies is differentiated from the Type C lithofacies because it
represents the final stages of turbidity-current deposition, whereby laterally transported silt and
clay are deposited together due to a rapid reduction in depositional energy. The deposition of
Type B and C lithofacies at this location is likely controlled by differences in the magnitude
and/or proximity of individual turbidity-current events.
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Plots showing the coarsest 1% of sediments vs. their median grain size (CM plot) were
first introduced by Passega (1957) and later modified by Passega (1964), Passega and Byramjee
(1969), and Ludwikowska-Kędzia (2000). The CM plot (Figure 30) was first created by
observing modes of sediment transport in rivers, and later used to analyze turbidites (e.g.,
Passega 1957, 1964). The power of the CM plot is in its ability to illustrate the processes of
sediment transport and deposition. Holes H002 and H005 are located on a levee above a
Pleistocene-age sediment channel so sedimentation at this location is driven by suspended
sediments escaping the main sediment channel during mass transport events and by background
hemipelagic sedimentation. Bulk and OC-Free grain-size data in this thesis research (Figure 32)
display an overall snake-like pattern (Figure 31) consistent with empirical studies of sediment
transport in fluvial environments (Figure 30) (e.g., Passega, 1957, 1964; Passega and Byramjee,
1969; Ludwikowska-Kędzia, 2000). The overall snake-like pattern of the outlined fields (Figure
31) remains consistent between different fluvial systems but the exact boundaries on the CM Plot
(both vertically and horizontally) vary based on the characteristics of the system as illustrated in
Figure 30. Although there are differences in terminology used between different researchers, the
pattern of sediment transport and deposition observed in Figure 30 remains consistent. Fine
sediments are more easily suspended than coarse, and so the fields outlining transport by
suspension have lower median grain sizes and their coarsest sediment grains are also smaller.
Sediment grains small enough to be transported but larger than can be continually suspended are
transported by rolling, sliding, and saltation, and they plot within their respectively labeled fields
in Figure 30.
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Figure 30: CM plot showing the grain-size pattern associated with fluvial
sediment transport of different fluvial systems. The overall snake-like pattern
remains consistent between different fluvial systems. Series a: from Passega
(1964) and Passega & Byramjee (1969); Series b: from Ludwikowska-Kędzia
(2000). Segment QR is highlighted in red and represents where turbidity
currents plot within this pattern according to Passega (1964). Figure modified
from Mycielska-Dowgiałło & Ludwikowska-Kędzia (2011).
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Figure 31: The overall snake-like pattern of sediment transport and deposition
from Figure 30 that remains consistent in different fluvial systems. The segment
highlighted in red represents where turbidity currents plot within this pattern
according to Passega (1964).
All the data in this thesis research are expected to fall into one of the suspensiondominated fields outlined in Figure 30 based on the proximity of the sample location to the
primary sediment channel, because sediments would need to be suspended to escape the main
channel for deposition on the levee. The Type A/B/C sediments each plot discretely on the CM
plot as shown in Figure 32, reaffirming the interpretation of three distinct lithofacies. No
sediments analyzed in this thesis research plot in the saltation or rolling sediment transport fields
shown in Figure 30, and so the boundaries of these fields in Figure 32 are speculative. The Type
C sediment samples from the Gulf of Mexico plot diagonally in Figure 32, similar to the graded
suspension field of Figure 30, parallel to and offset from the C=M line. This is consistent with
turbidites studied by Passega (1964). The Type B lithofacies has a lower median grain size and a
smaller coarsest 1% when compared with the Type C lithofacies, indicating that the coarsest
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sediments had already settled out as energy and turbulence waned. I have interpreted the Type B
lithofacies to represent the last deposition of sediment from a waning turbidity current, as
turbidity ceases, due to their distinctly bimodal grain-size distributions. The Type B lithofacies
plots on a horizontal line (Figure 32) and is consistent with uniform suspension (Figure 30), or
mass deposition of sediment. The Type A lithofacies plots in a cloud with no discernable trend
(Figure 32) except that it is the finest sediment measured, consistent with what Passega (1964)
called pelagic suspension (Figure 30), representing background sedimentation at this offshore
location. However, at this location there is significant terrestrial input and a lack of biogenic
components (Flemings et al., 2018) so this field likely represents a mixture of hemipelagic
sedimentation and the finest tails of turbidites that may take days to weeks to settle out of the
water column. There are no notable changes in the overall pattern of data plotted in Figure 32
between the Bulk and OC-Free sediments.
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Figure 32: The coarsest 1% of sediment grains in each OC-Free and Bulk
sample plotted against the median grain size of that sample. Original
classification of fields from Passega (1964). C=M is the line where the coarsest
1% and the median grain size are equal. Since no data points from this data set
fall within the saltation or rolling fields, the exact boundaries of the saltation and
rolling fields on this plot are speculative. All measured Bulk samples are shown
in the top panel including 13 Type A, 4 Type B, and 29 Type C Bulk samples.
All measured OC-Free samples are shown in the bottom panel including 13
Type A, 4 Type B, and 34 Type C OC-Free samples.
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5.2 TOC Distribution and Methanogenesis
Methane stored in the methane-hydrate reservoir at GC955 is produced by the microbial
degradation of organic carbon (Phillips et al., 2020). In the marine environment, methanogenesis
occurs under anoxic porewater conditions beneath the seafloor, in stratigraphy containing buried
organic carbon. Methane hydrate saturation in marine reservoirs ranges from a few percent to
nearly 100% saturation of available pore space, with the coarser, sand-rich stratigraphy
containing the greatest saturations (e.g., Collett et al., 2019; Phillips et al., 2020). In marine
deepwater depositional settings, the organic carbon content of fine-grained sediments is typically
greater than that of coarse-grained sediments, in part because organic carbon is adsorbed onto
fine-grained mineral surfaces, protecting it from microbial regeneration in the water column via
sinking out (Mayer 1994). This results in greater preservation of organic carbon in fine-grained
marine sediments. Coarse-grained sediments can contain organic carbon, but it is typically
particulate organic carbon of terrestrial origin that was transported and eventually deposited as
larger particles with the rest of the coarse sediment load during high energy transport (Burdige,
2007). If gas-hydrate saturations are higher in coarse-grained stratigraphic intervals, methane
formed in finer-grained stratigraphic intervals likely migrated via diffusion and/or advection into
the coarse-grained reservoirs (Wei et al., 2019).
Short-range methane migration occurs when methane is produced in one stratigraphic
section and migrates to an adjacent stratigraphic section, by means of diffusion or advection,
where it can subsequently form methane hydrate (Malinverno, 2010). Methane is more soluble in
confined pore spaces due to an increase in equilibrium partial pressure at a given temperature via
Henry’s law (Clennell et al., 1999; Liu and Flemings, 2011). This means that dissolved methane
produced in fine stratigraphic intervals, where pore spaces are very small, can migrate into
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nearby coarse intervals, which offers larger pore spaces, and subsequently form methane hydrate
when methane solubility is exceeded (Malinverno, 2010; Liu and Flemings, 2011). The dissolved
methane concentration in the coarse stratigraphy is reduced when methane hydrate is formed,
which creates a methane concentration gradient between the two stratigraphic intervals that
drives additional diffusion of methane (Malinverno, 2010; Liu and Flemings, 2011).
Long-range methane migration occurs when methane is produced in one place and
migrates, by means of diffusion or advection, a long distance (tens of meters or more) before
forming methane hydrate. Methane can migrate great distances given sufficient permeable
pathways, such as along coarse turbidite beds that have been tilted or through faults and
fractures. GC955 is underlain by a salt diapir that has deformed and fractured the overlying
stratigraphy (Portnov et al., 2018), including the methane-hydrate reservoir studied in this thesis
research. Seismic imaging of strata overlying the salt diapir at GC955 identify the methanehydrate reservoir encountered while drilling holes H002 and H005, as well as deeper seismic
anomalies that could be relict reservoirs and/or sources of methane gas (Portnov et al., 2018).
Several faults extend vertically through the gas-hydrate reservoir and could act as highly
permeability conduits for long-range methane migration of deeper gas to the main methanehydrate reservoir. Pressure cores from H002 and H005 successfully recovered under pressure
contained fractures filled with methane hydrate that were observed with X-ray-CT (Flemings et
al., 2018; Meazell et al., 2020), supporting the notion of vertical methane migration through
highly permeable fractures.
Organic carbon was observed in all three lithofacies (A, B, and C) by comparing Bulk
and OC-Free grain-size distributions of each sample and determining where material was lost
following organic carbon removal. All three lithofacies (A, B, and C) contained organic carbon
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predominantly in their finest fractions. Refer to Appendix A for comparisons of all Bulk and OCFree grain-size distributions. A total of 28 out of 46 samples that both Bulk and OC-Free grainsize distributions were measured showed a definite shift in their grain-size distribution, towards
the coarser fraction following organic carbon removal. The remaining 18 samples showed no, or
only a very minor change in their grain-size distribution following organic carbon removal.
Samples showing no change in grain-size distribution following organic carbon removal are not
unique to any of the three identified lithofacies (A, B, or C). These 18 samples appear to contain
no, or only a very little bit of organic carbon based on the grain-size distribution data.
However, preliminary elemental analysis of total organic carbon (TOC) (Johnson et al.,
2018) was performed on 43 of the 51 samples analyzed for sediment grain-size distributions in
this thesis research, and results show organic carbon in every sample measured, even samples
that appeared to contain no organic carbon in their grain-size distributions. These TOC
measurements were made with an elemental analyzer (EA) in series with an isotope ratio mass
spectrometer (IRMS). Note that not all samples analyzed for grain-size distributions in this thesis
have been analyzed for TOC with the EA-IRMS. Preliminary results shown in Figure 33 indicate
the organic carbon in this methane-hydrate reservoir resides in all three lithofacies (A, B, and C)
to some degree (Johnson et al., 2018), in general agreement with sediment grain-size distribution
data. The finest lithofacies (Type A) contains the greatest concentration of organic carbon, mean
= 0.97 wt% (n = 12). However, the coarsest lithofacies (Type C) also contains appreciable
organic carbon, mean = 0.63 wt% (n = 28). The Type B lithofacies contains approximately the
same concentration of organic carbon as the Type A lithofacies, mean = 1.03 wt% (n = 3), but
the small sample size precludes significant quantitative analysis. The samples that showed little
to no change in grain-size distribution following the organic carbon removal procedure likely
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contain organic carbon in nanopores on the face of sediment grains (e.g., Mayer, 1994) that is
inaccessible to removal with hydrogen peroxide and/or too small for the laser particle size
analyzer at UNH to measure.

Figure 33: Preliminary TOC measurements categorized by sediment grain-size
distribution pattern. Note that not all sediment samples analyzed for grain-size
distribution were analyzed for TOC wt%, and no TOC wt% replicates have been
analyzed yet. TOC data from Johnson et al. (2018). A total of 12 Type A, 3
Type B, and 28 Type C samples were analyzed for TOC with the EA-IRMS.
Despite measuring some amount of TOC in every sample and seeing a change of grainsize distributions following organic carbon removal in most samples, very little TOC was
observed directly during smear slide analysis. This is because only macro-scale (~1 mm)
particulate organic carbon is observable via smear slide analysis, not the finer material that exists
in the silt or clay size fraction. TOC was removed primarily from the clay and fine silt fractions
of my samples during the hydrogen peroxide treatment as evidenced by the change in grain-size
distribution of most of my samples (e.g., Figures 18, 19, and 20). The ubiquitous fine tails of the
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Type C lithofacies (see Figures 6 and 14) contain the majority of their organic carbon and serve
as a reminder that even the best sorted natural sediments are not always as homogeneous as one
might expect.
Comparison of the Bulk and OC-Free kurtosis and skewness plots (Figure 34) illustrates
a significant trend caused by the removal of organic carbon. The OC-Free samples, on average,
have rotated counterclockwise along the dashed line in Figure 34 relative to the Bulk samples.
This is consistent with an overall coarsening of the data set, after organic carbon removal, and
points to organic carbon being predominantly held in the fine fraction of all three lithofacies (A,
B, and C). The overall coarsening pattern observed in this figure is consistent with the increase in
average median grain size of all three lithofacies (A, B, and C) following organic carbon removal
(see Tables 2 and 4), direct comparison of most Bulk and OC-Free grain-size distributions
between individual samples (see Appendix A), and an increase in the average sorting of the Type
C lithofacies following organic carbon removal (see Tables 2 and 4).
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Figure 34: Kurtosis and skewness values of Bulk (top) and OC-Free (bottom)
grain-size distributions. OC-Free samples have rotated counterclockwise along
the dashed line relative to the Bulk samples, indicating an overall coarsening of
the data set following organic carbon removal. These results are also shown in
Figures 10 and 16.
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Methanogenesis supplying methane to the methane-hydrate reservoir at GC955 may be
occurring within fine-grained stratigraphy nearby the reservoir (short-range migration), in
stratigraphy far from the methane-hydrate reservoir (long-range migration), or in situ. Shortrange methane migration is likely contributing to methane transport and accumulation in the
methane-hydrate reservoir given the presence of elevated organic carbon content measured in the
fine-grained stratigraphy of the reservoir (e.g., Figure 33). A short-range migration model
created by Wei et al. (2019) suggests that methanogenesis in fine sediments with organic carbon
content as low as 0.2 wt% can supply enough methane for an appreciable accumulation of
methane hydrate in nearby coarse stratigraphy. However, their model does not replicate the
extreme hydrate saturations (up to 93%) observed in this reservoir (e.g., Phillips et al., 2020).
The organic carbon content of methane-hydrate-bearing sediments within the GHSZ is also
sufficient to produce appreciable in situ methane, though this origin of methanogenesis should
suffer from the same limitations as short-range migration in the Wei et al. (2019) model. The
presence of a methane-hydrate reservoir and several deeper seismic anomalies connected with
faults, and the occurrence of methane hydrate recovered in vertical fractures suggests that longrange methane migration from deeper stratigraphy may be recharging the methane-hydrate
reservoir.
In situ methanogenesis, short range migration, and long-range migration may all supply
methane to this methane-hydrate reservoir, but long-range methane migration is likely to
contribute the greatest quantity of methane. Under the long-range methane migration scenario,
the methane-hydrate reservoir is able to source methane from a much larger volume of organiccarbon-laden sediment than either short-range migration or in situ methanogenesis. In addition,
the methane-hydrate reservoir at GC955 sits within an anticlinal structure created by deformation
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of sediments due to a rising salt diapir (Portnov et al., 2018). Anticlinal structures are well
known within the oil and gas industry to serve as natural traps for hydrocarbons. In this instance,
methane may be transported to the methane-hydrate reservoir vertically through faults and
horizontally along highly-permeable inclined stratigraphic intervals such as turbidites deformed
by the rising salt diapir.
The biggest contributor to methane hydrate accumulation, however, may be recycling of
methane as sediments containing methane hydrate pass through the GHSZ (e.g., Nole et al.,
2018). Methane hydrate can exist within an envelope of temperature and pressure, given
favorable salinity conditions. Temperature and pressure each increase with depth, and sediments
are continually being buried and compacted as long as sedimentation continues at the seafloor.
This means that sediments containing methane hydrate eventually pass completely through the
GHSZ, causing the methane hydrate to destabilize (Nole et al., 2018). The released methane
either forms bubbles and attempts to rise into and even through the overlying GHSZ due to
buoyancy or is dissolved into pore water where it can diffuse/advect back into the GHSZ. This
hydrate recycling mechanism can cause methane to become trapped in the methane-hydrate
reservoir over long periods of time, possibly tens to hundreds of thousands of years (e.g., Phillips
et al., 2019).
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CHAPTER 6
CONCLUSIONS

In this thesis research, I have characterized a methane-hydrate reservoir in the Gulf of
Mexico into three lithofacies based on sediment grain-size characteristics including the shapes of
their grain-size distributions, median grain size, kurtosis and skewness of the distributions,
sorting, coarsest 1%, and percent sand, silt, and clay. All analyses are all consistent with a
turbidite levee depositional environment. This interpretation is supported by seismic and well log
data, and sedimentary structures in the recovered pressure cores.
Results of sediment grain-size analysis reveal nuanced differences in grain-size
distributions indicating changes in the depositional energy of turbidity-current events over time
at this location, possibly due to differences in the magnitude of turbidity currents or a shift in the
proximity of the main sediment channel. Sediment grain-size data supports the interpretation that
sedimentation on the levee is driven by suspension of sediment grains and suggests that the Type
A lithofacies represents the finest turbidite tails mixed with hemipelagic sedimentation, the Type
B lithofacies represents deposition at the distal margin of turbidity currents or the final
deposition of waning turbidity currents, and the Type C lithofacies represents deposition of a
graded suspension occurring near the base of turbidity currents.
Comparison of Bulk and OC-Free grain-size distributions reveal that the finest grain-size
fraction (clay and fine silt) is where organic carbon predominantly resides in all three lithofacies
(A, B, and C). This is important because organic carbon is required to produce methane. The
relative variation of organic carbon content throughout all three lithofacies is supported by
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additional measurements of TOC that indicate 43 of the 51 grain-size samples analyzed here
contain organic carbon, including samples that showed no apparent change in grain-size
distribution after organic carbon removal. The Type A lithofacies contains the highest organic
carbon concentration of the three lithofacies and thus has the greatest methanogenesis potential
but cannot account for the extreme hydrate saturations recovered in the Type C lithofacies (up to
93% of pore volume).
Methane hydrate in this reservoir is likely formed from both methane produced locally
and transported from afar along highly permeable strata and/or faults and fractures. The methane
hydrate reservoir is underlain by a rising salt diapir that has deformed and fractured strata, which
promotes advective methane migration. The methane hydrate reservoir is cut by these faults and
fractures and may link it to deeper sources of methane.
In conclusion, the full, graphical grain-size distribution of sediments is a useful tool for
the characterization of this methane-hydrate reservoir in the Gulf of Mexico and can be used
effectively to decipher subtle grain-size variations in other deepwater marine depositional
environments.
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APPENDIX A
Grain-size Distributions

Figure A.1: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-1CS-1 (35-79cm) 11-12cm. These results are also shown in Figure
19.
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Figure A.2: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-1CS-1 (35-79cm) 24-25cm. These results are also shown in Figure
18.

85

Figure A.3: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-1CS-1 (35-79cm) 38-39cm.
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Figure A.4: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-2CS-1 (0-45cm) Whole Section Bagged.
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Figure A.5: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-2CS-2 (45-91cm) 16-17cm.
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Figure A.6: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-2CS-2 (45-91cm) 37-38cm.
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Figure A.7: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-2CS-3 (125-225cm) 59-60cm.
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Figure A.8: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-2CS-3 (125-225cm) 96-97cm.
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Figure A.9: Grain-size distribution and cumulative grain-size distribution of GC
955-H002-2CS-4 (225-317cm) 47-48cm.
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Figure A.10: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-2CS-4 (225-317cm) 68-69cm.
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Figure A.11: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-2CS-4 (225-317cm) 75-76cm.
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Figure A.12: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-2CS-4 (225-317cm) 85-86cm. These results are also shown in
Figure 23.
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Figure A.13: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-3CS-1 (0-27cm) 13-14cm.
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Figure A.14: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-4CS-1 (0-26.8cm) Whole Section Bagged.
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Figure A.15: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-4CS-3 (129.5-139cm) Whole Section Bagged.
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Figure A.16: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-5CS-1 (0-95cm) 30-31cm.
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Figure A.17: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-5CS-1 (0-95cm) 75-76cm.
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Figure A.18: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-6CS-1 (0-19cm) 10-11cm.
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Figure A.19: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-6CS-2 (19-119cm) Whole Section Bagged.
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Figure A.20: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-6CS-3 (119-219cm) Whole Section Bagged.
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Figure A.21: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-6CS-4 (219-282cm) 16-17cm.
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Figure A.22: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-6CS-5 (319-338cm) 8-9cm. These results are also shown in
Figure 22.
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Figure A.23: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-6CS-5 (319-338cm) 13cm.
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Figure A.24: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-7CS-1 (6-72cm) Whole Section Bagged.
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Figure A.25: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-2 (57-157cm) 57-58cm.
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Figure A.26: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-2 (57-157cm) Partial Section Bagged. Note: this sample was
collected from a bagged sample from the lower interval in the core (62-100 cm,
see UT GOM2-1 Data Report: Lithostratigraphy). These results are also shown
in Figure 20.
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Figure A.27: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-3 (157-235cm) Whole Section Bagged.
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Figure A.28: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-4 (272-315cm) 5-6cm.
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Figure A.29: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-4 (272-315cm) 33-34cm.
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Figure A.30: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-5 (315-352cm) 12.5-13.5cm.
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Figure A.31: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-5 (315-352cm) 27-28cm.
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Figure A.32: Grain-size distribution and cumulative grain-size distribution of
GC 955-H002-8CS-5 (315-352cm) 32.5-33.5cm.
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Figure A.33: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-1FB-3 (163-184cm) 19-21cm. These results are also shown in
Figure 21.
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Figure A.34: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-3FB-2 (115.2-132.7cm) Whole Section Bagged.
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Figure A.35: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-4FB-5 (65-82.5cm) Whole Section Bagged.
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Figure A.36: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-3FB-2 (115.2-132.7cm) Whole Section Bagged.
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Figure A.37: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-6FB-2 (78.9-197.5cm) 43-44.5cm.
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Figure A.38: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-6FB-2 (78.9-197.5cm) 103.5-113.5cm.
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Figure A.39: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-7FB-1 (0-18.6cm) Whole Section Bagged.
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Figure A.40: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-9FB-1 (0-18cm) 15-16cm.
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Figure A.41: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-9FB-2 (53-138cm) 34-35cm.
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Figure A.42: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-9FB-4 (282-317cm) Whole Section Bagged.
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Figure A.43: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-10FB-2 (0-32cm) Whole Section Bagged.
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Figure A.44: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-11FB-1 (0-27cm) 0-2cm.
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Figure A.45: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB-1 (0-12cm) 4-5cm.
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Figure A.46: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB-2 (12-30cm) 15-16cm.
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Figure A.47: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB-3 (76-140cm) 12-13cm.
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Figure A.48: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB-3 (76-140cm) 37-38cm.
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Figure A.49: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB-3 (76-140cm) 60-61cm.
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Figure A.50: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB Bonus-2 (60-160cm) 9-10cm. This sample was collected
from a core section of sediment that resulted from additional material that
flowed in through the bottom of the coring tool and was lodged between the
liner and the rabbit (see Flemings et al., 2018).
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Figure A.51: Grain-size distribution and cumulative grain-size distribution of
GC 955-H005-12FB Bonus-2 (60-160cm) 90-91cm. This sample was collected
from a core section of sediment that resulted from additional material that
flowed in through the bottom of the coring tool and was lodged between the
liner and the rabbit (see Flemings et al., 2018).
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Figure A.52: Grain-size distribution and cumulative grain-size distribution of
all OC-Free Type A graphs (replicate measurements not included). These results
are also shown in Figure 12.
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Figure A.53: Grain-size distribution and cumulative grain-size distribution of
all OC-Free Type B graphs (replicate measurements not included). These results
are also shown in Figure 13.
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Figure A.54: Grain-size distribution and cumulative grain-size distribution of
all OC-Free Type C graphs (replicate measurements not included). These results
are also shown in Figure 14.
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Figure A.55: Grain-size distribution and cumulative grain-size distribution of
all bulk Type A graphs (replicate measurements not included). These results are
also shown in Figure 4.
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Figure A.56: Grain-size distribution and cumulative grain-size distribution of
all bulk Type B graphs (replicate measurements not included). These results are
also shown in Figure 5.
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Figure A.57: Grain-size distribution and cumulative grain-size distribution of
all bulk Type C graphs (replicate measurements not included). These results are
also shown in Figure 6.
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APPENDIX B
Replicate Grain-size Distributions

Figure B.1: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-1CS-1 (35-79cm) 24-25cm. These results are also
shown in Figure 26.
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Figure B.2: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-2CS-1 (0-45cm) Whole Section Bagged.
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Figure B.3: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-2CS-2 (45-91cm) 16-17cm.
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Figure B.4: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-2CS-3 (125-225cm) 59-60cm.
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Figure B.5: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-2CS-4 (225-317cm) 47-48cm Bulk.
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Figure B.6: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-2CS-4 (225-317cm) 68-69cm Bulk.
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Figure B.7: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-4CS-1 (0-26.8cm) Whole Section Bagged.
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Figure B.8: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-4CS-1 (0-26.8cm) Whole Section Bagged Bulk.
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Figure B.9: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-4CS-3 (129.5-139cm) Whole Section Bagged.
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Figure B.10: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-4CS-3 (129.5-139cm) Whole Section Bagged
Bulk.
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Figure B.11: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-6CS-2 (19-119cm) Whole Section Bagged.
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Figure B.12: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-7CS-1 (6-72cm) Whole Section Bagged.

152

Figure B.13: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-8CS-3 (157-235cm) Whole Section Bagged Bulk.
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Figure B.14: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-8CS-5 (315-352cm) 12.5-13.5cm.

154

Figure B.15: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H002-8CS-5 (315-352cm) 27-28cm.
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Figure B.16: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-4FB-5 (65-82.5cm) Whole Section Bagged. These
results are also shown in Figure 27.
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Figure B.17: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-4FB-5 (65-82.5cm) Whole Section Bagged Bulk.
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Figure B.18: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-4FB-7 (190.9-202.9cm) Whole Section Bagged.
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Figure B.19: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-4FB-7 (190.9-202.9cm) Whole Section Bagged
Bulk.
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Figure B.20: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-9FB-4 (282-317cm) Whole Section Bagged.
These results are also shown in Figure 28.
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Figure B.21: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-10FB-2 (0-32cm) Whole Section Bagged.
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Figure B.22: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-10FB-2 (0-32cm) Whole Section Bagged Bulk.
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Figure B.23: Replicate grain-size distribution and cumulative grain-size
distribution of GC 955-H005-12FB-3 (76-140cm) 12-13cm.
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Figure B.24: Replicate grain-size distribution and cumulative grain-size
distribution of the UNH Sedimentology Lab natural medium sand (Wallis Sand)
lab standard. These results are also shown in Figure 24. Note that this lab
standard is a natural sand that may contain some organic carbon. However, no
hydrogen peroxide treatments to remove organic carbon from this standard were
performed.
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Figure B.25: Replicate grain-size distribution and cumulative grain-size
distribution of the Malvern 15-150 µm standard. These results are also shown in
Figure 25.
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